The activation and inactivation relations of several ion channel currents overlap, suggesting the existence of a steady-state or "window" current. We studied L-type Ca21 channel window current in single cardiac Purkinje cells using a voltage-clamp protocol by which channels were first inactivated nearly completely during a long-duration depolarizing step, and then the recovery of Ca21 current was observed during repolarizing steps into the L-type Ca21 window voltage range. With these conditions, a small-amplitude inward Ca21 current gradually developed after repolarization to voltages within the window but not after steps to voltages positive or negative to it. Window current was suppressed by Cd21 (50 uM), nifedipine
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The activation and inactivation relations of several ion channel currents overlap, suggesting the existence of a steady-state or "window" current. We studied L-type Ca21 channel window current in single cardiac Purkinje cells using a voltage-clamp protocol by which channels were first inactivated nearly completely during a long-duration depolarizing step, and then the recovery of Ca21 current was observed during repolarizing steps into the L-type Ca21 window voltage range. With these conditions, a small-amplitude inward Ca21 current gradually developed after repolarization to voltages within the window but not after steps to voltages positive or negative to it. Window current was suppressed by Cd21 (50 uM), nifedipine (1 ,uM) , and nicardipine (1 ,M), and it was augmented by isoproterenol (5 ,M) and Bay K 8644 (1 uM) .
At voltages at which window current developed, L-type Ca21 channels also recovered to a closed state from which they could be reopened by an additional depolarizing step. At voltages positive to the window range, channel recovery to a closed state(s) was absent, whereas at voltages negative to the window range, channel recovery to a closed state(s) increased, as expected from the "steady-state" inactivation relation.
Our results provide direct measurement of L-type Ca21 window current and distinguish it from other processes, such as slow inactivation. Our findings support the postulate that within a window there occur channel transitions from inactivated to closed states, and these channels KEY WORDS * Ca21 current * activation * inactivation * window current * Purkinje cells heart O ne mechanism for Ca2' entry into cells is through voltage-gated Ca2' channels. These channels usually respond to an appropriate change in the membrane potential by opening and then gradually inactivating, resulting in a current in intact cells that rises to a peak value from which it then decays.
For the L-type Ca2' channel current, measurements of the steady-state inactivation and activation relations that govern channel behavior have revealed a voltage range where they overlap. This region of overlap has been interpreted as indirect evidence supporting the presence of a Ca2' "window" current that exists near action potential plateau voltages.1-6Within this window, it is postulated that channel transitions may occur from inactivated to closed states (governed by the inactivation relation) and that channels may (re)open (governed by the activation relation) before inactivating again; this cycle may be repetitive.
Previous attempts to measure window current have involved the use of prolonged depolarizing steps to a persisting inward current after the decay of the initial peak current. In Purkinje fibers, Kass and Scheuer7 showed an inward Ca2' current that gradually inactivated to a nearly steady value by the end of 10-second depolarizing steps. Cohen 
Materials and Methods Preparation
Single canine cardiac Purkinje cells were enzymatically isolated as described previously. 10 Cells were maintained in Tyrode's solution and were used the same day they were isolated. Small aliquots of cells were transferred, as needed, to a Lucite chamber constructed on a glass coverslip and mounted on the stage of an inverted microscope (Diaphot, Nikon). The temperature in the chamber was thermostatically controlled at 30±1C during all experiments.
Solutions
In most experiments, the chamber was initially superfused with a solution containing (mM) NaCl clamp protocol shown in Figure 2A . An initial largeamplitude step of 0.5-2-second duration was applied to activate and inactivate L-type Ca2+ current. This was followed by a repolarizing step (V,, 1-1.5 -second duration) to voltages within the predicted window voltage range. A second depolarizing step (200-msec duration) was then applied to activate current from channels that had recovered to a closed state during Vt. Figure 2B shows raw current tracings obtained with this protocol (same cell as in Figure 1 ). From a Vh of -80 mV, a voltage step to +20 mV (1.5-second duration) elicited a large-amplitude inward Ca>2 current (peak currents off scale, superimposed tracings). The peak current rapidly decayed to a nearly steady value by the end of this initial inactivating step. Repolarizing steps were then applied for 1. Ca2' channels were inactivated. In contrast, after the Vt to -10 mV, the second depolarizing step elicited a small-amplitude Ca2+ current transient, suggesting recovery of a small number of channels to a closed state during V, from which they could be voltage activated.
The amplitude of the Ca2+ current was increased further after a V, to -20 mV. After more negative V,s, the peak current amplitude progressively increased, as expected for the voltage-dependent recovery of channels from inactivated to closed states. Figure 2C shows the I-V plot for the L-type Ca'
window current of the same cell. Window current was measured during each Vt, as the difference between the current present just after the decay of the capacitance transient and the maximum inward current that subsequently developed. The peak window current was obtained by a V, to -15 mV. The I-V plot also shows a very small-amplitude outward current recorded at more positive voltages. This small-amplitude outward current was not observed in all cells (see Figures 3 and 4) Figure 3C shows the I-V plot for the window current before and after addition of Bay K 8644. During control conditions, the maximum inward current of -10 pA was recorded at a V, of -10 mV, whereas with Bay K 8644 the I-V plot was shifted negatively, and the peak inward current of -24 pA was recorded at a V, of -20 mV. The interpretation of the effect of Bay K 8644 on the window current is potentially complicated by its frequency-and voltage-dependent properties. Bay K 8644 has been shown to have potent agonist properties when depolarizing voltage steps are applied from negative holding potentials, such as those we used.
However, in our protocol V, was preceded by an initial, large-amplitude depolarizing step; this initial step is likely to have decreased the agonist effect of Bay K 8644 (i.e., "relative block"23'24), but it did not reverse it.
Isoproterenol has been shown to increase peak L-type Ca21 current amplitude in this preparation5 by increasing both the probability and duration of channel openings.27-30 We examined its effect on the window current, and the results from one experiment are shown in Figure 4 . The voltage-clamp protocol previously described is shown above the current tracings. For control conditions, after the initial current inactivating step, the time-dependent recovery of window current was maximal at a V, to -20 mV ( Figure 4A ). Five minutes after the addition of isoproterenol (5 iiM), the protocol was repeated. The most prominent effect of isoproterenol was to increase the amplitude of the inward current that recovered within the window voltage range. Figure 4B shows the I-V plot for the peak window current during control conditions and after the addition of isoproterenol. The peak current amplitude was increased, as expected for an L-type Ca> channel current. Similar findings were obtained in two additional cells. Figure 4A also illustrates an observation recorded in a few cells exposed to interventions that increased L-type Ca> current. As shown for the V, to -10 mV, the window current reached a peak inward value within about 250 msec, and after this its amplitude declined. This biphasic pattern was observed only in cells that were stimulated with Bay K 8644 or isoproterenol. It was evident at more positive window voltages, and it could be reproduced with repetitive steps to the same voltage. A similar decline in window current from its peak value was never observed during control conditions. For control conditions, the initial step to +20 mV elicited a large-amplitude inward Ca2+ current (peak current off scale) that had decayed nearly completely by the end of the step. Repolarizing steps were then applied to different V1s within the predicted window voltage range and elicited the time-dependent inward window current, as shown previously. The second depolarizing step elicited an L-type Ca2+ current whose amplitude was consistent with the voltage-dependent recovery of these channels to a closed state from which they could be voltage activated. Five minutes after application of Cd 2 (50 ,uM), the Ca2+ current amplitude elicited during the initial step to +20 mV from a Vh of -80 mV was markedly reduced. Only a smallamplitude, rapidly inactivating current component remained, as would be expected for a T-type Ca' current.
More importantly, at all V,s the time-dependent increase in window current was abolished. This is also shown by the I-V plot in Figure SB . Finally, Cdm arkedly suppressed the recovery of Ca2+ current that was elicited by the second depolarizing step to +20 mV. Similar findings were obtained in three additional Purkinje cells exposed to Cd>.
In other experiments, we also examined the effects of the 1,4-dihydropyridines nifedipine (two cells) and nicardipine (one cell), which are known to suppress L-type Ca2+ current at the voltages we used.531 Both compounds, at 1 ,uM concentration, completely blocked the recovery of window current (data not shown).
Time Course of Recovery of Window Current
The recovery of Ca2+ channels from inactivated to closed states at voltages within the window was monitored using a conventional two-pulse protocol, and these results were compared with the recovery of window current. The voltage-clamp protocol we used is shown in Figure 6A , and it resembles the previously described window current protocol with the exception that the duration of Vt was varied before applying the second depolarizing step Exponential fits to the recovery process for window current produced inconsistent results, with the fitting routine returning both single and multiexponential values. This may reflect complex underlying kinetic processes for the window current, as well as the noise levels associated with the measurement of this small-amplitude current. Clearly, the process was slow, usually requiring several hundred milliseconds to reach a maximum value. Although the recovery process for window current is likely to be sensitive to the recovery voltage, the limited voltage range over which it can be elicited and the inconsistency of the fits did not permit reliable quantification of the voltage dependence of the recovery time course.
Depolarizing and Repolarizing Voltage Steps Into the Window Range
The voltage-clamp protocol we used first inactivated nearly completely L-type Ca2' channel current, and we then studied its ability to recover as channels reopened after repolarization to voltages within the window. An alternative approach to measure window current has been to depolarize into the window voltage range for a duration sufficient to outlast the complex kinetics of channels activating from a closed state (e.g., channel latency before opening, bursting between closed and open states, and long periods of activity before inactivating). For a voltage-gated ion channel it should be possible to record window current independent of whether the window is approached using repolarizing or depolarizing steps. Figure 7 shows results of an experiment that tested this hypothesis. From a Vh of -80 mV, a depolarizing step was made to +20 mV for 1 second to activate Ca2' current that then decayed to a nearly steady value (tracing a, peak L-and T-type currents off scale). A Vt was then applied to -20 mV (within the L-type Ca2+ current window) for 5 seconds, and an inward current gradually developed and reached a steady value. The protocol was repeated, except that the initial depolarizing step was to -40 mV for 1 second, to activate and inactivate T-type Ca2+ current (tracing b).
With the second step to -20 mV (within the L-type Ca2+ window) for 5 seconds, L-type Ca2+ current was activated. From its peak value, the current decayed to a steady level over a few seconds. As shown in Figure 7 , the steady-state current amplitude reached by either method was the same. 
Discussion
The most significant finding of these experiments is the identification, by direct measurement, of a smallamplitude inward current with properties predicted for an L-type Ca2+ window current. This current could be elicited over a finite range of voltages, which corresponded to the region of overlap of the activation and inactivation relations. The development of window current also was time dependent, and it usually reached a maximum value within several hundred milliseconds with our experimental conditions.
Our results indicate that the window current was carried by Ca2' through L-type The mechanism of the apparent decay of window current from its peak (see Figure 4) 
